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Abstract

Precise orbit determination (POD) is essential for Low Earth Orbit (LEO) satellites supporting Earth science, remote sensing, com-
munication, and navigation missions, for which the required real-time or near-real-time orbit accuracy ranges from meter level to cen-
timeter level depending on the application. Emerging LEO positioning, navigation, and timing (LEO-PNT) missions further require
short-term predicted orbits as the basis for onboard broadcast ephemeris generation. This study formulates the sequential least squares
into an onboard adaptive sequential filtering strategy. Unlike the traditional sequential least squares, this adaptive sequential filtering
strategy does not require long-arc accumulation and allows for frequent updates to the initial epoch, thus directly providing fast and
stable predicted orbits to users immediately after the POD of each arc is completed. Validation using 48-h GNSS data from Sentinel-
6 Michael Freilich (S6OMF), Sentinel-3B (SE3B), and Swarm-A (SWMA) satellites with precise GNSS products demonstrates that the
ultra-rapid POD consistency with independent precise reference orbits is better than 5Scm, with RMS values of 4.36 — 5.05cm across
all satellites. The predicted orbit consistency with respect to the reference orbits remains better than 20cm in the user arc, with
S6MF achieving < 10cm at the 20th minute. The capability to support ground navigation is confirmed through Orbital User Range
Error (OURE), with average OURE values of 4.69cm, 6.59cm, and 8.86cm respectively. In GNSS-broadcast-ephemerides-limited sce-
nario, the strategy maintains decimeter-level POD consistency and decimeter- to meter-level short-term prediction consistency, indicating
its applicability boundary for autonomous onboard orbit determination and meter-level LEO applications.
© 2026 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction the shorter orbital periods and enhanced signal quality

(Jin et al., 2021; Xiang et al., 2022; Laniewski et al.,

Low Earth Orbit (LEO) satellites, generally operating at
altitudes below 2,000km, are valuable platforms for geo-
science, Remote Sensing (RS), and communication due to
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2025). Precise orbits are essential for LEO satellites to sup-
port these services. For example, optical RS satellites
require orbit accuracy better than 1 m. The Interferometric
Synthetic Aperture Radar (InSAR) technology supported
by Synthetic Aperture Radar (SAR) satellites requires an
orbit accuracy of 5cm for post-processing (Fernandez
et al., 2022) and 10cm for real-time (RT)/near-real-time
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(NRT) processing (Fernandez et al., 2024). Altimetry satel-
lites require a radial orbital accuracy better than 3cm
(Montenbruck et al., 2021) for post-processing and 10cm
for RT/NRT processing (Fernandez et al., 2024). In partic-
ular, the radial accuracy requirement of new-generation
altimetry satellite Sentinel-6 Michael Freilich (S6MF) is
Scm for NRT processing (Fernandez et al., 2024).

Currently, spaceborne global navigation satellite system
(GNSS) technology is widely employed for LEO satellites,
achieving post-processing Precise Orbit Determination
(POD) accuracy better than lcm (Mao et al., 2024).
Beyond the traditional non-PNT applications mentioned
above, such as Earth science, RS, and communication mis-
sions, emerging LEO constellations are increasingly consid-
ered for Positioning, Navigation, and Timing (PNT)
services (Yang et al., 2024; Kunzi et al., 2026). Hereafter,
PNT services based on LEO constellations are referred to
as LEO-PNT services. Unlike traditional non-PNT LEO
missions, which mainly use post-processing orbit products
for their own mission objectives, LEO-PNT satellites act as
navigation service providers and need to broadcast orbit
and clock information to users through navigation mes-
sages. In this study, the orbit representation transmitted
in the navigation message is referred to as the broadcast
ephemeris (BRDC). For ground users, the BRDC is
required to compute the LEO satellite position at the signal
transmission time and to model LEO-to-user ranging
observations for positioning. For LEO-PNT services, per-
forming Real-Time Precise Orbit Determination (RTPOD)
alone is not sufficient. The BRDC should represent the
satellite trajectory over a future validity interval, and its
orbit parameters are generally fitted from predicted satellite
positions. Therefore, onboard POD results need to be fol-
lowed by short-term orbit prediction before the BRDC can
be generated. Recent studies have commonly considered
prediction and fitting intervals of 10 — 20 min for LEO-
PNT BRDC generation, and have shown that the predic-
tion error is usually the dominant error source compared
with the ephemeris fitting error (Kunzi et al., 2026). Thus,
stable short-term orbit prediction is a key requirement for
onboard LEO-PNT BRDC generation.

Significant progress has been made in LEO RTPOD
based on the extended Kalman filter (EKF) and its vari-
ants. For example, Wang et al. (2023) conducted RTPOD
experiments using spaceborne Global Positioning System
(GPS) data from the FY-3C satellite and state-space repre-
sentation (SSR) products provided by the Centre National
d’Etudes Spatiales (CNES), achieving an orbit accuracy
better than 10cm. Li (2024) performed RTPOD experi-
ments for S6MF using CNES SSR products and a
square-root information filter (SRIF), improving the
ambiguity-fixed 3D orbit accuracy to 3.61cm, by about
30% compared with the ambiguity-float solution.
Montenbruck et al. (2022) also assessed GNSS-based
real-time navigation for the same satellite and achieved
an accuracy better than 10cm by combining GPS and Gali-
leo observations, even when using GNSS broadcast ephe-
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merides only. More recently, Kunzi et al. (2026)
evaluated EKF-based RTPOD and short-term prediction
for LEO-PNT BRDC generation. These studies demon-
strate the maturity of EKF-based RTPOD, while also
showing that prediction performance remains sensitive to
force-model errors, dynamic-parameter estimation, and
atmospheric drag, especially for low-altitude LEO satel-
lites. For onboard LEO-PNT BRDC generation, the pro-
cessing strategy should therefore consider both RTPOD
and short-term prediction stability.

This requirement is conceptually similar to the tradi-
tional GNSS broadcast ephemeris generation procedure,
in which POD results are first propagated to generate pre-
dicted orbits and then fitted into broadcast ephemeris
parameters. For example, the broadcast ephemerides of
the BeiDou Navigation Satellite System (BDS) are gener-
ated by fitting predicted orbits derived from Batch Least
Squares (BLSQ)-based POD using ground-satellite link
and inter-satellite link observations (Chen et al., 2022).
GNSS autonomous navigation follows a similar procedure,
in which broadcast ephemeris parameters are generated
from predicted orbits after POD, either through centralized
or distributed EKF-based processing strategies (Mao et al.,
2015). Li et al. (2019) further improved multi-GNSS ultra-
rapid product generation by implementing multi-threaded
parallel processing. Using a 2-day BLSQ POD arc, they
achieved hourly five-constellation ultra-rapid orbit updates
to support real-time precise point positioning (PPP).

However, directly applying such long-arc, ground-based
product generation strategies to LEO onboard processing
is impractical. Compared with GNSS satellites, LEO satel-
lites have much shorter orbital periods and experience
stronger perturbations, especially atmospheric drag and
high-degree gravity field effects. As a result, their prediction
errors accumulate more rapidly, and more frequent orbit
updates are required. Meanwhile, onboard processors have
limited computing and storage resources, while ground-
based processing may suffer from data transmission delays
and link-dependency risks. Therefore, onboard LEO orbit
determination and short-term prediction require a process-
ing strategy that can retain the dynamic fitting capability of
arc-based orbit determination while avoiding the computa-
tional burden of long-arc BLSQ processing.

To address the conflict between the need for dynamic fit-
ting (for prediction stability) and the constraints of
onboard computing resources, the Sequential Least
Squares (SLSQ) method offers a robust solution. Originally
proposed by Beutler et al. (1996) to efficiently combine nor-
mal equations (NEQ) for GNSS orbits, this method main-
tains the mathematical equivalence to batch processing
while significantly reducing CPU load and memory usage.
While theoretically equivalent to the Kalman filter under
linear assumptions, the SLSQ approach is distinct in its
handling of NEQ, making it particularly suitable for arc-
based processing.

Zhao et al. (2018) and Fu et al. (2019) have successfully
applied sliding-window variants of this method to GNSS
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orbit determination and clock estimation. Nevertheless,
existing applications of SLSQ for GNSS typically rely on
long data arcs (e.g., 48 h) to ensure stability, benefiting
from abundant ground computing resources. In contrast,
the constrained onboard environment of LEO satellites
necessitates significantly shorter arc lengths. Consequently,
adapting the SLSQ method into a general filtering frame-
work suitable for ultra-rapid LEO prediction remains
unexplored.

In this study, we reformulate the SLSQ method into an
onboard adaptive sequential filtering strategy for LEO
ultra-rapid orbit determination and short-term prediction.
The method retains the arc-wise dynamic fitting capability
of least-squares orbit determination, while using sequential
NEQ propagation to avoid long-arc accumulation and
reduce storage requirements. By frequently updating the
initial epoch, the strategy can generate short-term predic-
tion orbit products immediately after each POD arc, mak-
ing it suitable for onboard rapid BRDC generation under
limited computing resources. Since publicly available
spaceborne GNSS observations from operational LEO-
PNT satellites are not yet available, we validate this strat-
egy using spaceborne GNSS data from S6MF, Sentinel-
3B (SE3B), and Swarm-A (SWMA) satellites. Computa-
tional experiments are conducted under two scenarios,
using precise GNSS products and GNSS broadcast ephe-
merides only, to evaluate the performance of both RTPOD
and short-term orbit prediction for LEO-PNT BRDC
generation.

2. Methodology

We first present the model of spaceborne GNSS obser-
vations, method of NEQ formation with these observations
and clock offset elimination for NEQ. Then, the formula-
tion of the adaptive sequential least squares filter which
were used in this paper will be introduced.

2.1. Observation model

The pseudorange and carrier phase observations from
an onboard receiver r equipped on a LEO satellite to
GNSS satellite S at frequency j can be expressed as (Li,
2024):

L ;= py+cot, — oty = 0Pion j + 0Pye + 0Py 0Ppco  + 24N 61

(1)
where P} ; and L} ; are the pseudorange and carrier phase
observations for receiver r, respectively; p? denotes the geo-
metric distance from the LEO satellite to the GNSS satel-
lite S;c¢ denotes the speed of light; ¢z, and ot, are clock
offset of onboard receiver and GNSS satellite S, respec-
tively; dp,,, ; is the ionospheric delay; dp,,; is the general rel-
ativity correction; dp,,; and dp; ,  denote the antenna
Phase Center Offset (PCO) correction of the LEO satellite

{ Pf}/‘ = p; + Cétr - C(Sts + 5pinn‘j + 5pre/ + 5ppco.j + 5p;;c().‘/ + ép
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and GNSS satellite S, respectively; 4, is the wavelength;
N7 is ambiguity (unit: cycle); &p and ¢, are both noises of
the pseudo-range and
respectively.

The ionospheric delay is one of main error sources for
GNSS observations. In order to eliminate the effect of
ionospheric delay, a typical ionosphere-free (IF) combina-
tion for dual-frequency pseudo-range and carrier phase
observation can be derived (Li, 2024):

carrier phase observations,

1 7

I rIF — f,z_‘f% 'Pi,i - ffz—f? -1 rJ
p ; 2)
S — i s J S
Lo = = L~ 7 —/fﬁ L

where P ;. and L. are the IF pseudorange and carrier
phase observations, respectively; i and j denote the fre-
quency number; f; is the i frequency.

2.2. NEQ formation with spaceborne GNSS observations

The equation of motion for a satellite in LEO can be
expressed as (Tapley et al., 2004):

.. r .
r:—GMr—3+f(r7r,p,t) (3)

where r, ¥ and t are the position, velocity, and acceleration
of the satellite’s center of mass respectively. p is the vector
of dynamic orbit parameters, for instance, atmospheric
drag factor, solar radiation factor and empirical accelera-
tions, etc.

The perturbation acceleration acting on the satellite,
denoted as f, is the cumulative effect of various perturba-
tions including n-body perturbation, earth non-spherical
gravity field, earth’s tidal forces, solar radiation pressure,
Earth radiation pressure, relativistic effects, etc.

Let X = (r,f,p)’, then the state equation and initial
state of the satellite can be expressed as:

X =F(X,7) = (i,F,p)" @
X|tl, =Xy

Assume a state vector X at the initial epoch is known, and
then the initial state X* at epoch 7 can be obtained through
the integration of Eq. (4). The linear expansion of Eq. (4)
leads to:

X:Xwg%ym—v) (5)
Let A=2%y., x=X—-X", then the Eq. (5) can be
expressed as:

X = AX (6)
The general solution of Eq. (6) can be expressed as:

x = ¥(¢,4)Xo (7)

where the W(z, 1) is a state transition matrix. The correc-
tion of the initial state is denoted as x.
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The spaceborne GNSS IF observations at i epoch can
be expressed as following, after combining Eq. (7):

Ho, H ]{z }+
i = i i &
Yi G, T, St,

_ | %% ) _ Oy .. 9;

Hg: = [z)x,-‘ll(tlvto) 0AMBz | OOAMBIF (8)
__ Oy

Hy, = dot;

z=[x] OAMB, 0AMByr,, )"

where z denotes the correction vector of global estimated
parameters (For example, orbital parameters, IF ambigui-
ties, etc.); 0AMBr ; is J"(1 < j < m,mis the total number of
ambiguities) IF ambiguity’s correction (unit: meter); ot
denotes the clock offset; Hg; and Hy,; are design matrices
for z and J¢;, respectively; g is noise of y;; and the covari-
ance matrix of y, is D,. The NEQ for z and ¢, can be
derived by combining Eq. (7) and Eq. (8), after employing
the least square method. Written as:

[Nogi Neri|[ 2]  [Wai )
| Nrgi  Nri | Lot Wy,
Ngq; = HE, D 'Hg,
Nor; = HG, Dy 'Hy,; = N,
Nrr; = H D 'Hy,;
WGﬁi = Hg,D:l Y
Wri = H;,iD;l Y
After combining all epoch-wised NEQs, the final NEQ can
be written as:

Np[z! 01y o] =W, (11)
where
Z Nee: Nori Nera
N1 Nmgioo... 0
Ny, =
: : : (12)
NTG,n 0 NTT,n
T
Wy = [ngt W;,l W;n}
2.3. Clock offset elimination for NEQ
It should be noted that Eq. (11) contains

Aorp + Namp + ney. parameters to be estimated, including
n,, orbital parameters, n,,;, ambiguities, and n.; clock off-
sets, where the number of observation epochs is n(n = n.y).
Solving Eq. (11) would require substantial storage space
and computational time. According to Liao et al. (2024),
the clock offset parameters can be treated as local parame-
ters and can be eliminated during the formation of the

NEQ. After elimination, the NEQ can be written as:
N-z=W (13)

where
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N=> (NGGJ - NGT,i(NTT‘i)ilNTG‘i)

W =5 (Wo; = Nori(Nor) ' Wr) "

Eq. (13) greatly reduces the dimensionality of the origin
NEQ, and its solving result is equal to that of Eq. (11). If
the epoch-wised clock offsets are needed, they can also be
easily resolved(Liao et al., 2024).

2.4. Formulation of the adaptive sequential least squares

filter

The traditional SLSQ strategies for precise orbit deter-
mination typically do not require frequent updates to the
initial epoch. For instance, the NEQ stacking method
proposed by Beutler et al. (1996) combines multiple
one-day arcs to generate three-day solutions, which is
equivalent to updating the initial epoch every 24 h. Sim-
ilarly, Zhao et al. (2018) updated the initial epoch every
30 min in their GNSS POD implementation. However,
this is not suitable for onboard platforms with limited
computing resources and storage capacity. This is
because updating the initial epoch less frequently requires
longer orbital dynamic integration, which significantly
increases the computational burden. To address this,
drawing on the data processing strategy proposed by
Ge et al. (2006), we formulate the SLSQ into an adaptive
sequential filtering framework. This approach maintains
solution accuracy even with frequent updates to the ini-
tial epoch and is formally equivalent to a Kalman filter,
comprising both measurement update and time update
steps.

2.4.1. Measure updates
Assuming that the prior estimated parameters at arc k
can be expressed as

— — — T
Zk = |: lec-,dyn Z/{,ndyn :| ( 1 5)

where the Z, 4, denotes the time-varying parameter such as
orbit parameters; Zy.s, denotes the non-time-varying
parameter such as ambiguities. The correction to Z; can
be written as z; = |2}, i”Tdy,,7k]T, and it’s prior NEQ is
given by:

(16)

The NEQ can be built with only observations in this arc
according to Eq. (13), which can be expressed as:

NiZi = Wy

Nkik = W; ( 1 7)

In order to improve the stability of the solution, we refer to
the adaptive filtering theory proposed by Yang et al
(2013), and the final NEQ in iteration form of this arc
can be expressed combining Eq. (16) and Eq. (17) as:

(Nk + ocNk)ik =w;, + ot(Wk - Nkzk) (18)
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where the (0 < o < 1) denotes the adaptive factor; z;
denotes the parameters’ correction; z; denotes the prior
parameters’ correction. Generally, when the observation
system exhibits significant nonlinearity, Eq. (18) is typically
solved iteratively to obtain the optimal estimate. The itera-
tive form is expressed as:

t—1
(Nk + OCN]()QZ = Wi+ o (V_Vk - Nk222> (19)

n=0
where 7; denotes the parameter correction at the tth itera-
tion. The adaptive factor o controls the contribution of the
prior NEQ in Eq. (18). When « = 1, the contribution of the
prior NEQ N; is fully retained. When « < 1, the prior NEQ
N, is weakened, and the current-arc observations are
allowed to contribute more strongly to the solution. Since
the prior normal matrix N, represents inverse covariance
information, reducing « is equivalent to inflating the prior
covariance, which plays a role similar to covariance infla-
tion or fading-memory weighting in adaptive Kalman fil-
tering. In this paper, the following function is used to
determine o:

{ 1, Ax <c
o =

c¢/Ax, Ax =c
where ¢ is an empirical constant, which is usually set to
1.5 — 2.0 based on experience (Yang and Gao, 2006); Ax

denotes the normalized difference between the solution
and prior values. When only the position component

(20)

pos, = (X,Y,Z)" is considered, Ax can be expressed as
follows:

[ Apos; Apos,
Ax = \/ tr(cov(pos)) @1)

where Apos, denotes the position difference between the
solution and prior values at the initial epoch; cov(pos)
denotes the prior covariance matrix of the position at
the initial epoch; and tr(cov,(pos)) represents its trace.
If Ax < ¢, the prior information is regarded as consis-
tent with the current observations and o is set to 1.
Otherwise, o decreases as Ax increases, thereby reducing
the influence of the prior NEQ and improving the
adaptability of the solution to the current observation
arc.

After the iterative solution and convergence of Eq. (19),
the new parameters will be estimated and written as

ik ~N (Zk + 7, N;l . 63), and the post-estimated NEQ

can be expressed as:

Nkik = Wy (22)
Which can be also written as:
Tktdyn Fl@cov |:Aidynﬁk :| _ |:i\vk,dyn :| (23)
N/{COV Nk,ndyn Zydyn wkmdyn
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2.4.2. Time updates
For the current arc £ + 1, the time-varying parameters
can be updated according to Eq. (3) to obtain the a priori

estimation parameter Z;,; = [ZZ am L

T

for cur-
rent arc. Meanwhile, the prediction equation for the time-
varying parameter correction Zgs, can also be written

according to Eq. (7):
ik+1<dyn = \ll(k + 17k)2k<dyn + w, -~ N(07 Qw) (24)

where @ denotes the processing noise; Q,, denotes the
covariance matrix of w. Referring to Ge et al. (2006), Eq.
(24) can be treated as a pseudo-observation and associated
with Eq. (23) to obtain the total NEQ:

N Ty Tyl N 5 ~
Nk,dyn + ¥ Qw Y -¥ QW Nk.cov Z/c,dyn wk‘dyn
-1 —1 _
7Qw v Qw 0 zk+l.dyn = 0
NI{.cov 0 Nk.ndyn Zj i 1 ndyn Wi ndyn

(25)

To facilitate the subsequent derivation, we express the
above equation in the following concise form:

Nii Nz Nyj; Zy gyn Wi am
Ny Np 0 Livram | = 0 (26)
N3t 0 Nis | | Zivipam Wi ndyn

In fact, we only concern about Z;| 4, and Zy s, and the
Zr 4 1s treated as outdated parameters which should be
eliminated. Following the approach described by Ge
et al. (2006), we eliminate Zj 4, result in the priori NEQ
for the estimated parameters in this arc, given as follows:
N, —Nleﬂlle |:zk+1.dyn ]

—Nleﬂlle Zi 1 pdn

—Nleﬂle
Ns; —NslNﬂlle

o (27)
—N21N11 Wi dyn

~ RPN
wk‘ndyn - N31N11 wk‘dyn

2.4.3. Initial step
In particular, when £ = 0, if only the priori estimated

— — — T
parameter Z, = [Zg i Z({ndyn} , and its correction

2= 2,4, % ndw]T satisfy the following relation:
ZO + i() = ZO +6& & ~ N(O, Do) (28)
where Zo denotes the true value of initial orbit in this arc; ¢,

denotes the noise associated with Z,; D, denotes the priori
covariance matrix of Z,. The priori NEQ can be written as:

D,'2)=0 (29)

Subsequent measure updates and time updates can be per-
formed based on this priori NEQ.

3. Onboard ultra-rapid orbit determination strategy

Based on this adaptive sequential filtering algorithms,
we have independently developed POD software in C99,
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named the Spacecraft Orbit Determination Analyzer
(SODA). This software supports both post-processing
POD and RTPOD for LEO satellites. The RTPOD work-
flow is shown in Fig. 1.

As seen in Fig. 1, this RTPOD procedure is similar to
the traditional BLSQ. Meanwhile, a calculation delay
needs to be considered at each POD initialization, as we
reuse the historical observations during the real-time pro-
cessing to maintain estimation accuracy, similar to the
method of Zhao et al. (2018). Thus, our POD process func-
tions as a sliding-window BLSQ, representing an ultra-
rapid processing strategy.

To make an optimal balance between onboard comput-
ing efficiency and orbital prediction stability, we empiri-
cally determined the configuration to be a 30-min
historical observation window with a 5-min calculation
delay. Consequently, the prediction orbit product is
released at a 5-min interval. Note that these settings can
be modified to adapt to different onboard computers and
mission requirements. Fig. 2 illustrates the delay and
updating sequence of this real-time processing.

4. Dataset and model description

For controlled validation and direct comparison with
independent precise reference orbits, we replay 48 h of real
spaceborne GPS observations from Sentinel-6 Michael
Freilich (S6MF), Sentinel-3B (SE3B), and Swarm-A
(SWMA) on the ground to simulate the real-time onboard
processing sequence. These satellites operate at 3 typical
altitudes — 1336 km, 814.5 km and 462 km — allowing
the assessment of RTPOD and orbit prediction perfor-
mance under a uniform processing strategy across different
orbital regimes. More details of these satellites can be
found in Table 1.

To simulate realistic scenarios, both BRDC and final
GNSS products provided by the Center for Orbit Determi-
nation in Europe (CODE) are used separately in the calcu-
lation. The POD and prediction performance for SOMF
and SE3B 1is evaluated by comparison with post-
processed precise orbits conforming to the Precise Orbit
Ephemeris-F (POE-F) standards provided by CNES

I: Import data &

Advances in Space Research xxx (xxxx) xxx

TO T1 T2 T3 T4 T5 T6 T7
Arc 0 - Pod Arc
Il Prediction Arc
Arc 1 1 T3 User Arc
e B -
. i -
) T

Fig. 2. The calculation delay and arc updating of real-time processing.
The orange part is only used for orbit determination called pod arc; the
green part is the orbital prediction after POD of each arc, and only the
part framed by the dotted line will be provided to user for their
application, which is called user arc; the period between the pod arc and
the user arc is the calculation delay.

(ftp://ftp.ids-doris.org/pub/ids/data/POD_configuration_
POEF.pdf). For SWMA, the RDPOD products from the
European Space Agency (ESA) serve as the reference. Since
these reference orbit products have substantially higher
accuracy than the orbit differences reported in this study,
they are used as reliable references for performance
evaluation.

Limited by the onboard computing resources, gravita-
tional force model simplification is usually required. A 90
x 90 EIGEN _ GL04C Earth gravity field model is adopted
in our study, and all the earth tides including solid earth
tide, ocean tide (20 x 20) and pole tides are considered.
The macro-models of these satellites provided by ESA are
used to describe the geometric and physical properties of
satellite surfaces for the calculation of solar radiation pres-
sure and atmospheric drag. Finally, the empirical accelera-
tion parameters with sine/cosine terms are adopted and
estimated for the along and cross-track directions to com-
pensate the unmodeled perturbations for each arc. As our
parameter estimation is no longer the epoch-wised, the
Krogh-Shampine-Gordon (KSG) multiple-step integrator
(Zhang and Liu, 1998) is used during orbital integration,
which greatly improves the calculation efficiency.

In our estimation strategy, POD is performed every
5 min, with each arc utilizing only the observation data
from the preceding 30 min. After each POD, we provide

III: Measurement Update

T r :
i Preprocess i i
i GNSS Obs. i ‘ Preprocessing NEQ | | Set adaptive coefficient i
! 1 ]
: | ! : :
i BRDC/SP3/CLK i ‘ Orbital integral | | Stack NEQ elioch by epoch | !
i EOP par. i ! | Solve NEQ | |
i i ‘ Update for NEQ | :
! Historic NEQ i ] i
i i Elimination of E
i Other data i inactive par. |

Fig. 1. The RTPOD procedure of SODA, where g, denotes the Unit Weight Error (UWE) of observations in ¢ iteration.
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Table 1
Information of LEO satellites and their spaceborne GPS observations.
S6MF SE3B SWMA
Altitude 1336 km 814.5 km 462 km
Inclination 66 deg 98.65 deg 87.35 deg
Launch date 21 November 2020 25 April 2018 22 November 2013
Obs. type C1C/C2L/LIC/L2L CIW/C2W/L1C/L2W

Obs. Duration

From 1 September 2021 to 3 September 2021

an additional 20 min of predicted orbit to users for their
applications. Other information about models adopted
for POD in this paper and the parameter estimation strat-
egy for each arc are presented in Table 2.

To verify the onboard computational feasibility, the
same estimation strategy was tested on an embedded plat-
form using 24 h of spaceborne GNSS data from SWMA.

Table 2
models and the parameter estimation strategy.

The maximum computation time per POD arc was 70.49
s, which is well below the 5-min update interval adopted
in this study, and the corresponding delay illustration of
each arc is shown in Fig. 3. Given these results, the subse-
quent validation focuses on the consistency of the POD
solutions and orbital prediction, without further consider-
ation of computational delays.

Items

Models & Description

Measurement Model
GNSS orbit and clocks
GNSS satellite antenna
Observations

Sampling

Receiver antenna

LEO satellite attitude
Carrier phase wind-up
Outlier observation process
Weight function
Parameter estimation

Dynamic model
Earth orientation parameters
Gravitational forces

Solid earth tide

Ocean tide

Pole tides

General relativity

Solar radiation pressure
Atmospheric drag
Empirical accelerations

Integrator
Integral step

Solved parameters

Orbit parameters
Receiver clock offsets
Ambiguities

Solar radiation factor
Atmospheric drag factor
Empirical accelerations
Arc updating interval
Arc length

User arc length

Broadcast ephemeris/ CODE final products
Igsl4.atx

Dual-frequency IF combination

30s

PCO is considered only (In-flight calibration)
Quaternions (measured)

Applied

30 criterion

sin’(z),z is the elevation angle of the GNSS satellite
Adaptive Sequential Filter

EOP IERS Bulletin A

EIGEN _ GL04C (90 x 90) (Forste et al., 2006); N-body gravity: DE421
(Folkner et al., 2009)

IERS2010(Petit and Luzum, 2010)

FES2004(Lyard et al., 2006), 20 x 20

IERS2010(Petit and Luzum, 2010)

IERS2010 (Petit and Luzum, 2010)

Spacecraft macro-model(Montenbruck et al., 2015)

NRLMSIS-00 (Picone et al., 2002)

Consider the parameters of Ca, Sa, Cc and Sc for the along- and cross-track
directions (cosine/sine) only

KSG (Zhang and Liu, 1998)

15s

Position and velocity at the initial epoch of each arc
Estimated for each epoch

Estimate IF ambiguities

1 factor

1 factor

1 group for each arc

5 min

30 min

20 min
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Fig. 3. The time cost of each pod arc on embedded platform for testing.
(Platform info: SOC: ZYNQ7045; CPU: ARM Cortex-A9; Main fre-
quency: 800 MHz; DDR: 1 GB).

5. Results and analysis
5.1. POD performance based on final products

In this section, we firstly perform a simple evaluation of
the observation. Subsequently, comparisons are carried out
between the reference orbits and the POD results based on
CODE final products.

Fig. 4 shows the epoch-wise number of satellites and
Position Dilution of Precision (PDOP) of S6MF, SE3B
and SWMA. As our software allows to select only one cou-
ple of signals per constellation currently, we only prefer the
L1C/L2L signals for S6OMF. This selection discards the
GPS Block IIR satellites, which do not broadcast on
L2L, resulting in SOMF having a lower mean number of
satellites (6.3 per epoch) compared to SE3B (7.5 per epoch)
and SWMA(7.5 per epoch). Additionally, SE3B exhibits
the best PDOP among the three satellites, with an average
PDOP of 4.831 during this period, whereas the averages for
SWMA and S6MF are 5.509 and 5.455, respectively.

After processing a total of 556 POD sessions for each
satellite, all the IF phase weighted Root-Mean-Square
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Table 3
Weighted-RMS of residuals for SOMF, SE3B and SWMA (unit: cm).
S6MF SE3B SWMA
IF range 57.63 21.99 23.49
IF phase 0.44 0.47 0.45

(RMS) values are better than 5 mm, as shown in Table 3.
Although the sliding window advances every 5 min, the
entire past 30 min of orbit data are updated upon comple-
tion of each POD process. To properly validate the consis-
tency of real-time processing, only the portion covered by
the new 5-min data is included in the comparison. Fig. 5
illustrates the orbital differences between the reference orbit
and the POD results based on CODE final products in
radial (R), along-track (T), and cross-track (N) directions
for all satellites according to our comparison strategy.
Table 4 summarizes the statistics of these differences. The
data from the initial three hours are excluded during the
analysis, avoiding the impact of non-converged results on
the statistical results.

As shown in Fig. 5 and Table 4, all satellites achieve
centimeter-level POD consistency. S6MF achieves the
highest consistency in both radial and 3D directions, with
values of 2.14 cm and 4.36 cm, respectively. This is attrib-
uted to its high altitude which minimize the effects of grav-
ity and drag forces on orbit determination, and state-of-
the-art GNSS receiver ensuring high-quality GNSS obser-
vations(Montenbruck et al., 2021). SE3B follows closely
behind, with radial and 3D RMS values of 2.55 cm and
4.45 cm, respectively.

In contrast, SWMA was launched in 2013 (seven years
before SOMF) and has a much lower altitude, making its
orbit more sensitive to atmospheric drag and high-degree
gravity field perturbations. Consequently, it exhibits rela-

e S6MF - SE3B «  SWMA

w 12
g o ) Y
wn o Oo® ©® o0 L1 J o® - o
G ° EEED ® [ X J
o’ 6 L oO®mes O o0 ®e o o *® [ ] - ® OO0 OO © WO o
=
2 Mean=6.333 Mean=7.504 Mean=7.543

0 T T T

50

A, Average=5.455 Average=4.831 Average=5.509
Q Hsz | ]
2 25
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Time(h)

Fig. 4. The number of satellites and PDOP for S6MF, SE3B and SWMA.
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Fig. 5. The orbital difference between the reference orbit and POD results based on CODE final products (considering the updating parts only) in radial
(R), along-track (T) and cross-track (N) directions for SOMF, SE3B and SWMA.

Table 4

Statistics of the orbital difference between the reference orbit and POD results based on CODE final products (considering the updating parts only) for

S6MF, SE3B and SWMA (unit: cm).

Satellite Radial Mean + RMS Along-track Mean + RMS Cross-track Mean + RMS 3D-RMS
S6MF -0.07 £ 2.14 -1.44 £ 3.62 0.64 + 1.15 4.36
SE3B -0.00 + 2.55 -0.33 £ 3.34 0.19 + 1.47 4.45

SWMA 0.11 + 3.02 0.56 + 3.70 1.08 + 1.64 5.05

tively lower consistency, with values of 3.02 cm and
5.05 cm in the radial and 3D directions, respectively.

5.2. Orbital prediction performance in user arc

According to our orbit determination strategy, orbital
prediction is performed immediately after completing the
POD of each arc, and the part within the user arc is sent
to the user. Therefore, this section primarily focuses on val-
idating the consistency of the data within the user arc.

After processing all arcs, we obtain a total of 556 user
arcs, with each user arc containing 20 min of predicted
orbits. For convenience, we slice the data of each user
arc by minute and then combine them for statistical analy-
sis to evaluate the orbit prediction consistency. Fig. 6 pre-
sents the minute-wise box plots of orbital differences
between the reference orbit and the sliced orbital predic-
tions in the R, T, and N directions for the three satellites.
Table 5 summarizes the statistics of these differences at typ-
ical time points of 10 min and 20 min.

According to Fig. 6 and Table 5, due to the different
POD consistency and orbital altitudes, all three satellites
exhibit varying degrees of orbit consistency degradation
as prediction time increases. However, within the user
arc, they all maintain an average 3D RMS of orbit predic-
tion consistency better than 20 cm.

SWMA has the lowest POD consistency and the lowest
orbital altitude, so its orbit consistency degrades the fast-
est. At the 10th minute within the user arc, the 3D-RMS
is 11.39 cm, and it can maintain RMS values better than
10 cm in all RTN directions. But at the 20th minute, the
3D-RMS degrades to 16.80 cm. Especially in T direction,
which degrades to 15.23 ¢cm, and in some arc segments, it
even exceeds 60 cm.

S6MF has the highest POD consistency and the highest
orbital altitude. Thus, the consistency degradation of its
predicted orbit is the slowest. It can maintain an RMS
value better than 10 cm in all RTN directions within the
user arc. At the 20th minute within the user arc, the 3D-
RMS is 9.42 cm, better than 10 cm.
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Fig. 6. The minute-wise box-plot of orbital difference between the reference orbit and orbital prediction (merged by 556 user arcs’ data) in radial (R),

along-track (T) and cross-track (N) directions for SOMF, SE3B and SWMA.

Table 5
Statistics of the orbital difference between the reference orbit and orbital prediction (merged by 556 user arcs’ data) at 10 and 20 min for SOMF, SE3B and
SWMA.
Satellite Direction Time in user arc Peak value Mean + STD RMS
S6MF R 10 min —8.41 cm —0.60 + 2.47 cm 2.54 cm
20 min —8.15 cm —0.80 &+ 2.33 cm 2.47 cm
T 10 min —28.43 cm —3.03 + 5.96 cm 6.69 cm
20 min —32.66 cm —4.27 + 7.65 cm 8.88 cm
N 10 min 4.60 cm —0.00 &+ 1.60 cm 1.60 cm
20 min =5.07 cm —0.43 + 1.90 cm 1.95 cm
3D 10 min — — 7.33 cm
20 min — — 9.42 cm
SE3B R 10 min —14.11 cm —0.84 + 3.75 cm 3.84 cm
20 min —13.62 cm —1.09 + 3.99 cm 4.13 cm
T 10 min —34.32 cm —-2.54 &+ 7.72 cm 8.12 cm
20 min —49.51 cm —4.38 + 11.06 cm 11.90 cm
N 10 min 6.18 cm 0.05 £ 2.15 cm 2.15 cm
20 min —7.09 cm 0.03 + 2.54 cm 2.54 cm
3D 10 min — — 9.23 cm
20 min — — 12.85 cm
SWMA R 10 min —22.81 cm —0.19 + 5.28 cm 5.29 cm
20 min —38.74 cm —0.52 + 6.24 cm 6.26 cm
T 10 min 38.07 cm 0.12 + 9.73 cm 9.74 cm
20 min 60.90 cm —0.50 + 15.22 cm 15.23 cm
N 10 min 11.50 cm 0.48 + 2.57 cm 2.61 cm
20 min 13.06 cm —0.16 + 3.32 cm 3.32 cm
3D 10 min — — 11.39 cm
20 min — — 16.80 cm
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Table 6
Projection factors for SOMF, SE3B and SWMA.
S6MF SE3B SWMA
WR 0.6045 0.5064 0.4170
Wr N 0.3160 0.3706 0.4122
—— S6MF —— SE3B — SWMA
0.50
0.25 Average=4.69 cm
0.00 - .
0.50
g’ A =6.59
E 025 verage=6.59 cm
)
o
0.00 T
0.50
0.5 1 Average=8.86 cm
0.00 - :
0 300 600
ARC number

Fig. 7. The OURE of each user arc for SOMF, SE3B and SWMA, and the
number in the figure represents the average OURE.

SE3B achieves a POD consistency comparable to that of
S6MF. However, due to its lower orbital altitude, it is more
affected by the Earth’s gravitational force and atmospheric
drag, and its orbit degradation is faster than that of SOMF.
At the 10th minute within the user arc, it can maintain an
RMS value better than 10 cm in all three RTN directions,
and with a 3D RMS of 9.23 cm. But by the 20th minute,
the RMS value in the T direction degrades to 11.90 cm,
and the 3D RMS value degrades to 12.85 cm.

As the prediction orbit within user arc is mainly used to
fit BRDC, the orbital user range error (OURE)(Wang
et al., 2022) is used to validate the consistency of our orbi-
tal prediction results in providing navigation services to
ground users. The equation to calculate the OURE is writ-
ten as:

OOURE = \/WRO'IZQ -+ WTﬁN(O'%v —+ 0'12\/) (30)

where 03, 6% and o3, denote the Root Mean Square Error
(RMSE) of the orbit in radial, along- and cross-track direc-
tions, respectively. wg and wyy denote the projection fac-

Advances in Space Research xxx (Xxxxx) xxx

tors, they are mainly determined by the orbital altitude
(Chen et al., 2013). The projection factors of these three
satellites are liste in Table 6.

Fig. 7 shows the OURE of each user arc for these three
satellites. As shown in Fig. 7, SOMF has the smallest aver-
age OURE reaching 4.69 cm. This is related to its highest
orbit prediction consistency, especially in R direction.
Since SOMF operates at a relatively high orbital altitude,
Eq. (30) indicates that radial consistency contributes the
most significantly to OURE. For SE3B, which has a
slightly lower orbital altitude compared to SOMF, the con-
tributions of the T and N directions to the OURE are
increased. Moreover, the significant degradation of the
orbit consistency in the T direction results in an increase
in average OURE of SE3B to 6.59 cm compared to
S6MF. SWMA has the largest average OURE at
8.86 cm, as its large degradation of orbit prediction consis-
tency and lower orbital altitude cause nearly equal contri-
butions from the R, T, and N directions to the OURE.
Overall, the average OURE values for all three satellites
remain below 10 cm.

It should be noted that due to calculation delays, for
each user arc, the stored prediction orbit covers a duration
of 20 min, starting from the 5-min of all the prediction
results. This means that the 10th minute within the user
arc corresponds to the 15th minute of orbit prediction,
and similarly, the 20th minute within the user arc corre-
sponds to the 25th minute of orbit prediction.

5.3. POD performance based on GNSS broadcast
ephemerides

In some scenarios, LEO satellites can only use the
broadcast ephemerides transmitted by GNSS for RTPOD.
Therefore, it is necessary to validate the POD & orbital
prediction performance of our processing strategy under
this scenario.

Fig. 8 shows the orbital differences between the refer-
ence orbit and POD results based on GNSS broadcast
ephemerides in R, T and N directions of each satellite.
Meanwhile, Table 7 presents a statistical analysis of these
differences.

According to Fig. 8 and Table 7, the POD consistency of
the S6MF satellite based on GNSS broadcast ephemerides
is the lowest among the three satellites, differing from the
results obtained using CODE final products previously.
Its 3D-RMS is 50.65 cm, while the corresponding values
for SE3B and SWMA are 34.95 cm and 34.73 cm, respec-
tively. The primary reason is that the Total Group Delay
(TGD) in the broadcast ephemerides is not applied to cor-
rect the signal delays in the C1C and C2L observations of
S6MF during the orbit determination process. Neverthe-
less, all three satellites achieve decimeter-level POD consis-
tency, with SE3B and SWMA showing 3D RMS
consistency better than 40 cm. This level of consistency sat-
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Fig. 8. The orbital difference between the reference orbit and POD results based on GNSS broadcast ephemerides (considering the updating parts only) in

radial (R), along-track (T) and cross-track (N) directions for SOMF, SE3B and SWMA.

Table 7

Statistics of the orbital difference between the reference orbit and POD results based on GNSS broadcast ephemerides (considering the updating parts

only) for SOMF, SE3B and SWMA (unit: cm).

Satellite Radial Mean + RMS Along-track Mean + RMS Cross-track Mean + RMS 3D-RMS
S6MF -1.51 £ 23.28 6.12 + 40.98 -1.95 + 18.66 50.65
SE3B 0.15 + 15.75 1.30 + 29.24 1.80 £+ 10.86 34.95

SWMA 0.15 + 15.10 1.29 + 29.68 0.46 + 9.89 34.73

isfies most requirements for RT or NRT orbit consistency
at the 1-m level.

We also obtained 556 user arcs for each satellite in
this scenario. The orbital differences between the pre-
dicted and reference orbits were statistically analyzed at
the 10th and 20th minutes of the user arc, as summa-
rized in Table 8.

Compared with the results obtained using CODE final
products, the prediction orbits of this scenario shows a
clear degradation, mainly in the along-track direction.
Nevertheless, the predicted orbits remain at the
decimeter- to meter-level. The 3D RMS values at the
10th and 20th minutes are 0.77 m and 0.91 m for SOMF,
0.57 m and 0.66 m for SE3B, and 0.56 m and 0.66 m for
SWMA, respectively. These results indicate that, although
this scenario is insufficient for high-precision applications
such as LEO-PNT, InSAR, or satellite altimetry, the pro-
posed strategy can still provide useful orbit products for
LEO onboard autonomous orbit determination and appli-
cations with meter-level orbit requirements, such as some

optical remote sensing missions, depending on their specific
orbit accuracy requirements.

6. Conclusions

Emerging LEO navigation constellations require not
only real-time positioning but also the capability to gener-
ate high-precision prediction orbits. To address the conflict
between the need for dynamic fitting and the constraints of
onboard computing resources, we formulated the sequen-
tial least squares into an onboard adaptive sequential filter-
ing strategy. Unlike traditional batch processing, this
strategy utilizes a sliding window to directly provide fast
and stable prediction orbits immediately after the POD
of each arc is completed.

To simulate real-time processing and validate the per-
formance of this strategy, we used spaceborne GNSS data
from three satellites at typical orbital altitudes: Sentinel-6
Michael Freilich (S6MF), Sentinel-3B (SE3B), and
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Table 8
Statistics of the orbital difference between the predicted and reference orbits (merged by 556 user arcs’ data) at 10 and 20 min for SOMF, SE3B and
SWMA.
Satellite Direction Time in user arc Peak value Mean + STD RMS
S6MF R 10 min 0.68 m 0.01 £0.23 m 0.23 m
20 min 0.63 m 0.00 £ 0.20 m 0.20 m
T 10 min -2.02 m 0.07 £ 0.70 m 0.70 m
20 min —-247 m 0.07 + 0.85 m 0.86 m
N 10 min —0.62 m 0.00 +£ 0.19 m 0.19 m
20 min -0.62 m 0.02 +£0.20 m 0.20 m
3D 10 min — — 0.77 m
20 min — — 091 m
SE3B R 10 min 045 m 0.0l £0.15m 0.15m
20 min 041 m 0.01 £0.12m 0.13 m
T 10 min 1.53 m 0.03+0.53 m 0.53 m
20 min 1.82 m 0.03 £ 0.63 m 0.63 m
N 10 min —0.30 m 0.01 £ 0.11 m 0.11 m
20 min -0.35m 0.01 £0.11 m 0.11 m
3D 10 min — — 0.57 m
20 min — — 0.66 m
SWMA R 10 min -0.49 m —0.01 £ 0.15m 0.15m
20 min -0.79 m -0.03 &£ 0.14 m 0.14 m
T 10 min 2.00 m 0.04 +£0.52 m 0.52 m
20 min 231 m 0.01 +0.62 m 0.62 m
N 10 min 0.33 m 0.01 +£0.10 m 0.10 m
20 min 0.38 m 0.0l £0.11 m 0.11 m
3D 10 min — — 0.56 m
20 min — — 0.66 m

Swarm-A (SWMA), and evaluated the results against inde-
pendent precise reference orbits.

With the support of high-precision GNSS products, this
strategy achieves centimeter-level POD consistency. Specif-
ically, the radial RMS values of SOMF and SE3B are better
than 3 c¢cm, and the 3D RMS values are better than 5 cm,
demonstrating the effectiveness of the adaptive filtering
strategy.

Crucially for navigation services, the strategy delivers
stable short-term predictions. The 15-min orbit prediction,
corresponding to the 10th minute of the user arc, achieves
3D RMS consistency better than 15 cm, with SOMF and
SE3B remaining below 10 cm. The 25-min orbit prediction,
corresponding to the 20th minute of the user arc, achieves
3D RMS consistency better than 20 cm, with SOMF main-
taining consistency within 10 cm. Furthermore, the naviga-
tion service capability for ground users is evaluated
through the Orbital User Range Error (OURE), yielding
average values of 4.69 cm, 6.59 cm, and 8.86 c¢cm for
S6MF, SE3B, and SWMA, respectively.

In scenario limited to GNSS broadcast ephemerides,
this strategy maintains decimeter-level POD consistency,
with 3D RMS values of 50.65 cm, 34.95 cm, and
34.73 cm for SOMF, SE3B, and SWMA, respectively. The
corresponding short-term prediction consistency degrades
to the decimeter- to meter-level. At the 20th minute of
the user arc, the 3D RMS values are 0.91 m, 0.66 m, and
0.66 m for SOMF, SE3B, and SWMA, respectively. These
results indicate that the BRDC-only case is insufficient

for high-precision LEO-PNT BRDC generation, but it
can still provide useful orbit products for onboard autono-
mous orbit determination and meter-level LEO
applications.
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